We investigate unstable hadrons (resonances) which mainly decay into two final states in a very short time. We estimate how far at most these two final states can travel away from each other in the half-life of the initial unstable hadron. As examples, this distance is about 2.5 fm for ρ → ππ, 1.8 fm for ∆ → N π, and 0.6 fm for f0(500) → ππ. We calculate this distance for altogether 181 hadrons, among all the 324 ones listed in PDG2012 together with Zc(3900) and Zc(4025). We find it is around one femtometer for many hadrons, which is of the same order of magnitude as the hadronic radii. We also estimate this distance for altogether 15 unstable nuclei. We find it is about several femtometers for some of them, which is of the same order of magnitude as the nuclear radii. For example, it is about six femtometers for 12 O → 11 Np.
I. INTRODUCTION
There are lots of unstable particles (resonances) observed in particle physics experiments [1] . They have very short lifetimes. For example, the decay width of the ρ meson is around 150 MeV, and its half-life is only about 4.4 × 10 −24 s. To calculate their lifetimes (or their decay widths equivalently), theoretical physicists usually use the field theory and the scattering theory based on statistics. However, since their lifetimes are so short that we might find some physics not only in the sense of probability.
In this paper we shall study the decay process of unstable particles. For simplicity, we shall concentrate on those particles which mainly decay into two final states in a very short time. We shall estimate how far at most these two final states can travel away from each other in this short time. We shall not use the field theory nor the scattering theory, but just study their motion using the theory of relativity [2] [3] [4] [5] [6] [7] [8] [9] . We shall do these calculations at the hadron level so that we can consider the motion of all valence quarks and sea quarks.
Our assumptions are very simple and straightforward: the initial state, an unstable particle X, is at rest in the beginning; it has mass m X and decay width Γ X ; it decays into two particles A and B, having masses m A and m B , respectively; when X is decaying into A and B, the mass difference between the initial and final states, m X −m A −m B , is totally and immediately transferred into kinetic energies of A and B; this makes they have speeds v A and v B , in opposite direction. This process can be easily described using the following equations:
Here c is the speed of light. The quantity
is just the farthest distance that A and B can travel away from each other in the half-life of X. We can use the uncertainty principle ∆x∆p ≥ /2 to estimate the theoretical uncertainty of d X :
∆d X = 2 1
We use the well-established ρ meson and ∆ baryon as examples and show some numbers here. The mass of the ρ meson is measured to be around 770 MeV. It decays into two pions, whose masses are both around 138 MeV. Using Eqs. (1) and (2) we can calculate their speeds: v π1 = 0.93c and v π2 = −0.93c. The decay width of the ρ meson is around 150 MeV, and so its half-life is around 4.4 × 10 −24 s. During this short time, the distance d ρ that the two pions can travel away from each other at most is around 2.5 fm, and its theoretical error bar from the uncertainty principle is ∆d ρ = 0.14 fm. The mass of the ∆ baryon is measured to be around 1232 MeV. It decays into one nucleon and one pion, whose masses are around 939 MeV and 138 MeV, respectively. Using Eqs. (1) and (2) we can calculate their speeds: v N = 0.24c and v π = −0.86c. The decay width of the ∆ baryon is around 117 MeV, and so its half-life is around 5.6 × 10 −24 s. During this short time, the distance d ∆ that the nucleon and the pion can travel away from each other at most is around 1.8 fm, and its theoretical error bar from the uncertainty principle is ∆d ∆ = 0.22 fm.
In this paper we shall calculate the distance d X for 181 hadrons, among all the 324 ones listed in PDG2012 together with Z c (3900) and Z c (4025) [1, [10] [11] [12] [13] . We shall find that it is smaller for many other hadrons than d ρ and d ∆ . For example, d Υ(10580)→BB is around 1.06−1.43 fm, d f0(500)→ππ is around 0.41−0.85 fm, and d ∆(1905)→N ρ is around 0.39−0.66 fm. As we know, the order of magnitude of the hadronic radii is about one femtometer [14] [15] [16] [17] [18] [19] [20] . Particularly, we would like to note that in Ref. [21] M. Albaladejo and J. A. Oller obtained the quadratic scalar radius of the σ meson using the unitary chiral perturbation theory, that is r 2 σ s = (0.19 ± 0.02) − i(0.06 ± 0.02) fm 2 . These hadronic radii are sometimes larger than d X , the distance that the two final states can travel away from each other at most in the half-life of X. Consequently, if we assume that the initial and final hadrons are all spherical, the two final states might not separate geometrically even after the whole decay process. In this paper we shall discuss this problem and try to find out what kinds of states may not be observed in the experiments due to their small lifetimes.
In this paper we shall also investigate altogether 15 unstable nuclei [22] [23] [24] [25] [26] , which mainly decay into two final nuclei in a very short time. We shall perform similar calculations and estimate the distance d X for them. We find it is about several femtometers for some of them, which number is of the same order of magnitude as the nuclear radii. For example, the distance d12 O→ 11 Np is about 5.26−6.08 fm, and its theoretical error bar from the uncertainty principle is ∆d12 O = 1.80 fm.
This paper is organized as follows: in Sec. II we shall estimate the distance d X for some unstable hadrons; the calculations will be done separately for light mesons, heavy mesons, light baryons and heavy baryons in Sec. II A, II B, II C and II D, respectively; in Sec. III we shall estimate the distance d X for some unstable nuclei; Sec. IV is devoted to a short summary and discussions.
II. UNSTABLE HADRONS
In this section we shall estimate the distance d X for altogether 181 hadrons, among all the 324 ones listed in PDG2012 together with Z c (3900) and Z c (4025) [1, [10] [11] [12] [13] . We shall separately investigate light mesons, heavy mesons, light baryons and heavy baryons in the following subsections.
A. Light Meson Sector
In this subsection we investigate light mesons consisting of up, down and strange quarks. We take into account 75 light mesons among all the 101 ones listed in PDG2012 [1] . We estimate the distance d X for them. The results for light unflavored mesons are listed in Tab. I, and the results for strange mesons are listed in Tab. II. We also show their decay modes there, where only the spin and parity conservation is taken into account. Other 26 ones are not taken into account, including:
1. mesons whose decay widths are smaller than 1 MeV: π, η, and K; 2. mesons which mainly decay into three final states, or only the three-body decay patterns are listed in PDG2012 [1] : ω(782), η ′ (958), π 2 (2100) and K(1630); Here different isospin partners are counted just once. For example, π ± and π 0 are together denoted as π. To see the results more clearly, we draw the function P (d) = X P X (d) in Fig. 1 , where P X (d) is defined for each light meson X:
Here H(x − x 0 ) is the unit step function, and d = 500 fm for those having no lower and upper bounds. If the particle X has more than one important (non-negligible) decay partners as explicitly listed in PDG2012 [1] , we choose the one having the largest branching ratio and use † to denote it. This is because it is not very likely that a decay pattern having a larger branching ratio can be fully produced by the final state interaction of a decay pattern having a smaller branching ratio. We can easily verify
and so we call P (d) the probability (density) function. From its definition Eq. (5) we may guess that: if masses and decay widths are randomly distributed, the probability function P (d) would become larger as d becomes smaller, because P X (d) is normalized and the denominator d becomes smaller as d becomes smaller; if we set an upper bound for decay widths, the probability function P (d) would become zero as d goes to zero, due to its definition. Therefore, it should have a maximum, which is related to the (observed) minimum lifetimes of hadrons. From Fig. 1 we find its maximum is around one femtometer, which number is of the same order of magnitude as the hadronic radii. In this subsection we investigate heavy mesons containing charm and bottom quarks. We take into account 41 heavy mesons among all the 81 ones listed in PDG2012 [1] . We also consider the newly observed mesons Z c (3900) and Z c (4025) [10] [11] [12] [13] . We estimate the distance d X for them. The results for charmed, charmed-strange, bottom, bottom-strange and bottom-charmed mesons are listed in Tab. III, and the results for charmonium and bottomonium mesons are listed in Tab. IV. Other 40 ones are not taken into account, including:
1. mesons whose decay widths are smaller than 1 MeV:
2. mesons which mainly decay into three final states, or only the three-body decay patterns are listed in PDG2012 [1] :
3. the meson whose mass is below or too close to the threshold of the (dominant) final states:
4. mesons whose masses and decay patterns are not well known:
Here different isospin partners are sometimes counted separately, but the charge-conjugation symmetry is still assumed. Fig. 2 , where P X (d) is defined for each heavy meson X. Again we find it has a maximum around one femtometer. Compared with the case of light mesons, it decreases more slowly as d becomes larger.
C. Light Baryon Sector
In this subsection we investigate light baryons consisting of up, down and strange quarks. We take into account 53 light baryons among all the 114 ones listed in PDG2012 [1] . We estimate the distance d X for them. The results for light N and ∆ baryons are listed in Tab Here different isospin partners are counted just once. For example, p and n are together denoted as N . We draw the probability function P (d) = X P X (d) in Fig. 3 , where P X (d) is defined for each light baryon X. Again we find it has a maximum around one femtometer. Particulary, the sharp peak around 1.8 fm is due to the ∆ baryon.
D. Heavy Baryon Sector
In this subsection we investigate heavy baryons containing charm and bottom quarks. We take into account 12 heavy baryons among all the 30 ones listed in PDG2012 [1] . We estimate the distance d X for them. The results are listed in Tab. VII. Other 18 ones are not taken into account, including:
1. baryons whose decay widths are smaller than 1 MeV: We draw the probability function P (d) = X P X (d) in Fig. 4 , where P X (d) is defined for each heavy baryon X. We find it is quite flat probably due to lack of data. In this section we investigate some unstable nuclei, and estimate the distance d X for them [22] [23] [24] [25] [26] . We select altogether 15 unstable nuclei, which have very short lifetimes. All of them decay by emitting one proton or one neutron. The results are listed in Tab. VIII. We note that we have used atomic masses, which makes little difference compared to the use of nuclear masses. We find that in many cases the distance d X is about several femtometres, which number is of the same order of magnitude as the nuclear radii.
We draw the probability function Fig. 5 , where P X (d) is defined for each unstable nucleus X listed in Tab. VIII. Because there are many other unstable nuclei which are not investigated in this paper, we shall not discuss this figure any more. To summarize this paper, we have investigated unstable hadrons (resonances) which mainly decay into two final states in a very short time. We have taken into account 181 hadrons, among all the 324 ones listed in PDG2012 together with Z c (3900) and Z c (4025). We have estimated how far at most the two final states can travel away from each other in the half-life of the initial unstable hadron. Synthesizing all the data obtained in Sec. II, we draw the probability function P (d) = X P X (d) at the bottom of Figs. 6, where P X (d) is defined for each unstable hadron X investigated in this paper. We find the distance d X is around one femtometer for many hadrons, which number is of the same order of magnitude as the hadronic radii. We have also estimated this distance d X for altogether 15 unstable nuclei. We find that in many cases it is about several femtometres, which number is of the same order of magnitude as the nuclear radii.
Based on these results, we would like to discuss the structure of hadrons, and ask several questions:
1. The first question is whether the time for the final states to separate geometrically should be counted in the decay process. We use the unstable nucleus 12 O as an example. From Tab. VIII, we find that d12 O→ 11 Np = 5.26-6.08 fm. Assuming the 12 O nucleus is close-packed, the distance that the outermost proton needs to run away from the rest 11 N nucleus is similar to the proton radius r p = 0.84 fm (or its diameter 2r p = 1.68 fm) [58] . Therefore, in the case of 12 O, its final states, the 11 N nucleus and the proton, have enough time to separate geometrically during its decay process. The same situation happens to other unstable nuclei, and so the answer to the first question can be yes for the case of unstable nuclei.
Masses of heavy hadrons are of the same order of magnitude as masses of light nuclei, and so we might think this answer is the same for the case of heavy hadrons. However, the distance d X is less than one femtometer for many hadrons including heavy ones, which number is of the same order of magnitude as the hadronic radii. Moreover, in order to obtain these results we have assumed that the mass difference is totally and immediately transferred into kinetic energies, and so the actual distance that the two final states travel away from each other in the half-life of the initial unstable hadron can be even smaller. In such cases, if we assume that the initial hadron is spherical in the beginning and the two final hadrons are both spherical in the end, the two final states may not separate geometrically even after the whole decay process. Therefore, if the answer to the first question is yes, it seems that many hadrons may have a molecular structure, a non-spherical shape like oval, or even a separated two-body structure like halo nuclei.
2. The second question is whether these short-lived hadrons have already started to decay before they are well formed. This question is related to the first question. If the answers to both questions are yes, the distance d X can be as small as one femtometer no matter what shapes the initial and final hadrons have. In such cases the initial hadron are not well produced and the two final states behave like being connected by some "springs" but they quickly disconnect with each other. However, if the total distance travelled at most, d X (or ∼ 2d X starting from their production), is too small, they would become difficult to be observed in experiments.
Now we try to answer the question raised in the title: how fast can an unstable particle decay into two final states and be observed? From Tab. I to Tab. VII, we find that the distance d X is larger than 0.3 fm for all the hadrons having a lower bound on d X , except d π2 (1880) 3. The third question is whether there are still hadrons which have large decay widths but can not be observed due to the small d X . To answer this question, we draw the probability function P (d) = X P X (d) at the top and in the middle of Figs. 6, where P X (d) is defined for each light hadron and each heavy hadron, respectively. For both cases probability functions have maxima when d X is around one femtometer. We also draw the probability function P (d) for different decay modes in Fig. 8 . We find no significant differences among hadrons decaying through S-wave, P -wave and the other waves, although it seems that S-wave decay patterns should lead to larger decay widths and so smaller d X . These two comparisons suggest that the answer to the third question is yes. Consequently, if we take a look at Fig. 4 again, it suggests that there may be some heavy baryons having decay widths around 100-200 MeV and waiting to be observed. 
